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1. INTRODUCTION 
 
The only record of many volcanological processes and 
events is held in their erupted products. Among the fea-
tures of volcanic particles (e.g. geochemistry, glass-volatile 
content, vesicularity, crystal morphology), it is the shapes 
of particles, including their fine-scale surface features, 
that most directly reflect the fragmentation processes that 
formed them [Heiken, 1972, 1974; Heiken and Wohletz, 
1985; Cioni et al., 1992; Büttner et al., 1999]. 
Virtually all studies of pyroclastic deposits include 
some description of particle shapes, but there has been 
limited progress toward a consistent and interpreter-in-
dependent method of characterizing particle shapes. 
Some tools have been developed that normalize for size 
effects and characterize the projected shapes of ash par-
ticles in two dimensions in a procedure which is com-
monly known as 2D morphometry. One of the most 
commonly used morphometric systems was introduced 
to volcanology by Dellino and La Volpe [1996], who 
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suggested a classification scheme using four shape pa-
rameters acquired from 2D binarized particle images 
(silhouettes) produced by projection of 3D shapes. The 
“Image Particle shape Analysis” (IPA) parameters were 
measured by Dellino and La Volpe [1996] from high-
resolution scanning electron microscope (SEM) images, 
and the IPA parameterization has been used in multiple 
studies to either compare tephra grains from different 
eruptions, or to compare products of different eruptive 
phases [Heiken, 1974; Dellino et al., 2001; Taddeucci 
and Palladino, 2002; Cioni et al., 2008; Murtagh and 
White, 2013; Iverson et al., 2014; Alvarado et al., 2016]. 
Other studies have used characteristics of particles gen-
erated by known processes in fragmentation experi-
ments to infer the processes that generated natural 
tephra particles during eruptions [Büttner et al., 2002; 
Dürig et al., 2012; Schipper et al., 2013; Jordan et al., 
2014]. Others have studied fallout ash during ongoing 
eruptions using semi-automated routines [Lautze et al., 
2012, 2013], and have derived aerodynamic properties 
of ash grains relevant to their dispersal and sedimenta-
tion [Mele et al., 2011].  
In addition to the method introduced by Dellino and 
La Volpe [1996], a multitude of other shape parameter-
ization approaches have been presented and applied. 
Some focus on analyzing transport processes in vol-
canic plumes [Riley et al., 2003; Durant et al., 2009; 
Klawonn et al., 2014], others seek to determine magma 
discharge rates and eruption dynamics [Yamanoi et al., 
2008; Wright et al., 2012; Miwa et al., 2013, 2015; 
Suzuki et al., 2013; Eychenne et al., 2015] or reconstruct 
eruptive mechanisms [Cioni et al., 2008, 2014; Liu et 
al., 2015b; Schmith et al., 2017]. Descriptive parameters 
have also been introduced which can be provided by 
automated procedures, suitable for real-time, surveil-
lance of eruptions [Leibrandt and Le Pennec, 2015].  
 
 
2. CHALLENGES FOR COMPARING SHAPE 
PARAMETERS FROM DIFFERENT MORPHO-
LOGICAL SYSTEMS 
 
A key objective in particle shape analysis is to iden-
tify specific characteristics of grain shapes that record 
specific volcanic processes (e.g. the fragmentation 
mechanism). The scientific impact of a study is greatly 
increased if the morphometric results can be directly 
compared with those already published from other 
samples.  
Such comparisons are currently difficult for several 
reasons. First, it is important to note that image resolu-
tion will strongly affect the outcome of any morpho-
metric analysis - especially the perimeter of the 
analyzed object, and all derived shape parameters based 
on that metric [Dellino and La Volpe, 1996; Liu et al., 
2015a; Schmith et al., 2017]. Care has therefore to be 
taken that the compared morphometric results are based 
on images with comparable resolution and magnifica-
tion (requiring the user to study similar grain sizes). For 
the same reason, shape parameters derived from pic-
tures obtained by different techniques, such as by opti-
cal microscopy or by SEM, cannot be directly compared.  
Further complications arise from the fact that mor-
phometric studies have applied two fundamentally dif-
ferent methods of particle preparation. One is the 
silhouette-based 2D analysis, for which particles are 
mounted on e.g. a carbon-tape. The other uses polished 
thin sections or polished grain mounts. This has the sig-
nificant advantages of being also applicable to lithified 
samples, and in providing information about internal 
features of the particles (e.g. vesicle abundance and size 
distribution; microlites and phenocrysts) [Cioni et al., 
2014], but the 2D grain shape from a cut section is not 
the same as the 2D projection (silhouette) from a whole 
grain. The biggest shortcoming in this respect is that a 
cut section need not intersect any of the defining par-
ticle diameters – a cut that catches only one tip of a 
particle both underrepresents even the minimum diam-
eter, and may misrepresent particle shape.  
Results based on these two different approaches (sil-
houette vs slices) are incompatible, and no conversion 
from one to the other is possible. A silhouette's area will 
always be at least that of the largest area possible for 
any slice taken normal to the silhouette viewing axis, 
and may be many times larger. No other general state-
ment can be made about the relationship of one slice to 
a silhouette along the same axis, and there is an infinite 
number of possible orientations for either slices or sil-
houettes for any particle.   
Another major problem for comparability is that 
many of the shape parameters reported in literature 
have their own nomenclature and mathematical defini-
tions, which overlap with previously defined ones in 
ways that can be misleading. For example, ”circularity” 
is defined by Dellino and La Volpe [1996] as one of the 
four IPA parameters. Presumably to adjust the parame-
ter so that the most-circular objects have the highest cir-
cularity value, Leibrandt and Le Pennec [2015] inverted 
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the equation but use the same name. For a parameter 
with the same name of "circularity", entirely different 
equations are used by Cioni et al. [2014], and Schmith et 
al. [2017]. Similarly problematic, the parameter “con-
vexity” used by Schmith et al. [2017] is identical to the 
parameter called “solidity” by Liu et al. [2015a, 2015b], 
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TABLE 1. Notation of basic metrics, computed by PARTISAN. For illustration, see Figure 1.
Figure 1 Reference
p particle perimeter (a)
A projected area of particle (a)
w width (short side of the minimum area bounding rectangle) (a) [Dürig et al. 2012]
b breadth (long side of the minimum area bounding rectangle) (a) [Dürig et al. 2012]
c perimeter of the circle with area A, hence: c=2√Aπ (a) [Dellino and La Volpe 1996]
dH Heywood diameter (diameter of a circle with area A) dH=2√A/π=√2.c/π (a) [Riley et al., 2003]
a maximum intercept, i.e. longest segment inside a particle, parallel to the long side of the bounding rectangle (b) [Dürig et al. 2012]
m mean intercept perpendicular to a (b) [Dürig et al., 2012]
Lb
length defined by the maximum length of all possible lines from one point 
of the perimeter to another point on the perimeter projected on the major 
axis of the particle (i.e., axis of minimum rotational energy).
(d)
[Leibrandt and Le Pennec 
2015]
Wb
maximum of all possible lines from one point of the perimeter to another 
point on the perimeter, projected on the minor axis (d)
[Leibrandt and Le Pennec 
2015]
pcp perimeter of smallest convex polygon around particle (a)
[Leibrandt and Le Pennec 
2015]
Acp area of smallest convex polygon around particle (a) [Liu et al. 2015a]
ece
perimeter the smallest area ellipse that encloses, but does not intersect the 
particle (c) [Cioni et al. 2014]
Lmaj major axis of best fit ellipse (c) [Cioni et al. 2014]
Lmin minor axis of best fit ellipse (c) [Cioni et al. 2014]
dBC diameter of circle that encloses, but not intersects particle (a) [Schmith et al. 2017]
lF
minimum Feret length (smallest distance between two parallel lines that 
contact but do not intersect particle); (a) [Schmith et al. 2017]
wF Feret length perpendicular to lF; identical to b (a) [Schmith et al. 2017]
dF
maximum Feret distance (maximum distance between two parallel lines that 
contact but do not intersect particle)  (c)
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whereas “rectangularity” as defined by Schmith et al. 
[2017] is identical to “compactness” in the notation of 
Dellino and La Volpe [1996]. In a different kind of in-
consistency, “convexity”, introduced by Liu et al. 
[2015a], uses the perimeter of the convex hull, whereas 
in the definition of Cioni et al. [2014], it is defined by the 
perimeter of the fitting ellipse. These are just a few ex-
amples of inconsistencies that make it challenging to 
compare results obtained from different studies. Apply-
ing the notation listed in Table 1, Table 2 gives an 
overview of the diversity of notations and mathematical 
definitions for five shape parameter concepts frequently 
used in volcanology. For a broader overview see 
Leibrandt and Le Pennec [2015] (their Table 3). One of 
the reasons for this apparent lack of standardization is 
the fact that different instruments and/or software have 
been used by different research groups, and the results 
impose their own terminology and measurement rou-
tines, which may not be reproducible on other machines 
or, when insufficiently documented, by any means.  
In some cases [Leibrandt and Le Pennec, 2015; 
Schmith et al., 2017] software programs linked to the 
particle imaging system are used to obtain the shape pa-
rameters, so the authors used the terminology of the sys-
tem. Other studies attempting to optimize shape 
parameters have had a specific focus on particular char-
acteristics of volcanic particles, and have provided dif-
ferent suggestions for which shape parameters are best 
to use [Liu et al., 2015a; Schmith et al., 2017]. Although 
the advantages of a standardized morphological param-
eterization protocol are apparent, it is very likely that an 
agreed protocol could only be developed through the 
common agreement of a focused international commis-
sion; no such protocol has yet emerged [Gurioli et al., 
2015]. But even if a generally accepted standard is ac-
cepted by large parts of the volcanology community, we 
would still face the problem that the morphometric work 
previously done might be impossible to rigorously com-
pare with the new data. This would be a setback, block-
ing utilization of data archives painstakingly acquired 
over more than two decades.  
To make a first step towards unifying the morpho-
metric parameterization systems, a platform-indepen-
dent, multi-standard tool is needed. We have developed 
such an open-source software tool, which we call PAR-
Ticle Shape ANalyzer (PARTISAN). It computes a multi-
tude of shape parameters, and can reproduce most of the 
various morphometric analyses that have been presented 
in recent volcanological literature. 
3. WHY PARTISAN?  
 
PARTISAN supports the scientific method's requirement 
that results should be reproducible, and does so without 
any need for all researchers to employ a single "black-box" 
proprietary solution related to a device's operation.  
Table 3 presents a list of studies on particles from 
more than 30 different sampling sites that have been 
morphometrically analyzed based on the IPA parameter 
concept by Dellino and La Volpe [1996]. They involve the 
investment of many hundreds of working hours. The IPA 
measurements, however, are made with commercial soft-
ware, which makes it very difficult -if not impossible- for 
researchers who have no access to the program to obtain 
comparable parameters [Schmith et al., 2017]. PARTISAN 
addresses this problem.  
1. It is independent from commercial hard- or soft-
ware other than MATLABTM. Our open source 
script computes morphometric parameters using 
the IPA shape parameter system [Dellino and La 
Volpe, 1996]. Once IPA imaging guidelines are 
met, the user is guaranteed to obtain shape pa-
rameters compatible with those obtained by other 
groups using the IPA system, and with published 
results from it (see Table 3).  
2. A multitude of shape parameters in addition to 
those of the original IPA [Dellino and La Volpe, 
1996] are also obtained, using the specifications of 
morphometric analysis published by Cioni et al. 
[2014], Leibrandt and Le Pennec [2015], Liu et al. 
[2015a, 2015b] and Schmith et al. [2017].  
3. The multi-standard output allows a PARTISAN user 
to compare shape-analysis data broadly, beyond the 
limitations imposed by any single specific group's 
standard. This approach also allows the PARTISAN 
user to find, for a given task, the shape parameter 
system most suitable for data interpretation.  
4. The open source code allows continued peer-review 
and improvements by the volcanology community. 
 
 
4. MORPHOMETRIC PARAMETERS OBTAINED BY 
PARTISAN  
 
In addition to basic metrics (given in Table 1 and il-
lustrated in Figure 1), PARTISAN provides shape param-
eters grouped into five morphometric systems, described 
below. All morphometric parameters are mathematically 
laid out in Table 2.  
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4.1 THE IPA PARAMETERS, BY DELLINO AND LA 
VOLPE [1996] 
The image particle analysis (“IPA”) parameter 
scheme of Dellino and La Volpe [1996] is probably the 
most established one, and most commonly used for 
morphometric analysis in volcanology; it is predomi-
nantly used to quantify the shapes of particle projec-
tions in SEM images, but also applied to optically 
derived silhouettes of particles and to SEM derived thin 
sections (see Table 3). It is described here in some de-
tail in order to clarify several misunderstandings which 
have appeared over the years. 
The first two IPA parameters (see also Table 2) are 
circularity CircDL, and rectangularity RecDL, with the lat-
ter depending on the minimum rectangle circumscrib-
ing the particle. It is important to note that the 
orientation of the minimum bounding rectangle is not 
fixed, and hence independent of the particle's orienta-
tion; this contrasts with the approach used in some 
freely available software, e.g. ImageJ [Schneider et al., 
2012; Liu et al., 2015a], in which the bounding rectan-
gle is constrained to have horizontal and vertical axes, 
regardless of how an elongate particle is oriented.  
The other two IPA parameters are compactness 
ComDL and elongation EloDL. The latter IPA parameter is 
defined as a fraction, with the longest segment in an 
FIGURE 1. Screenshot of resulting figure provided by PARTISAN. See Table 1 for the description of annotated parameters. The ana-
lyzed particle is displayed in four orientations: (a) original orientation of the raw image; (b) particle rotated to the longer 
axis of the minimum bounding box; (c) orientated along the maximum Feret distance dF (blue line); lines in green denote 
the major and minor axis of the best fit ellipse; (d) particle rotated to the major axis of the best-fit ellipse. The Feret lengths 
lF and wF listed in Table 1 are identical with the width w and breadth b of the minimum area bounding box displayed in 
(a). Also in (a), the particle perimeter p is highlighted in yellow. The perimeter pcp is that of the smallest convex hull with 
area Acp, which is illustrated in blue in the background of the grain silhouette. The diameter of the bounding circle de-
noted BC (in green) is listed in Table 1 as dBC. The orange colored circle is of perimeter c and Heywood diameter dH.
DURIG ET AL.
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Dellino and La Volpe 
[1996]
Cioni et al. 
[2014]
Leibrandt and 
Le Pennec [2015]
Liu et al. 
[2015a]
Schmith et al. 
[2017]
remarks
introduced as “IPA 
parameters”, applied 
for discrimination 
between eruption 
types 1,2
used to study tephra 
from Eyjafjallajökull 
2010
used for in-situ 
measurements 
during eruptions
applied for studying 
the role of bubbles 
in phreato-magmatic 
eruptions3
applied for discrimi-
nation between erup-
tion types
image acquisition 
method4
predominantly SEM 
silhouettes5 
SEM silhouettes
automated optical 
projection silhouettes 
(Morphologi Optical 
Particle Analyzer, 
OPA)
SEM slices
automated optical 
projection silhouettes 
(Particle Insight dy-
namic shape analyzer, 
PIdsa) 
software used to cal-
culate parameters
ObtiLab ImageJ
Associated Malven 
software
ImageJ PIdsa
circularity
rectangularity
compactness
elongation
form factor
ellipse aspect ratio
aspect ratio
axial ratio
Feret aspect ratio
CE diameter dH
convexity
solidity
regularity parameter
CircDL =
p
c
Circcl =
4πA
p2
CircL L =
c
p
CircSC =
4A
πdBC2
RecDL =
p
2b+2w RecSC =
A
b .w
ComDL =
A
b ⋅w
EloDL =
a
m
EloLL =1−
Wb
Lb
FF = 4πA
p2
FF = 4πA
p2
ARCl =
Lmaj
Lmin
ARLL =
Wb
Lb
ARLl =
Lmin
Lmaj
ARF =
lF
WF
ARSC =
WF
lF
ConCL =
ece
p
ConLL =
pCP
p
ConLI =
pCP
p
SolCl =
A
ACP
SolLL =
A
ACP
SolLl =
A
ACP
Re g = 16A
3
b ⋅w ⋅ p2 ⋅dBC2
TABLE 2. Morphometric systems and definition of respective shape parameters, provided by PARTISAN. 
1 using the notation of Dürig et al. [2012];  
2 List for studies using these IPA parameters: see Table 3; 
3 defined as “hydromagmatic” in Liu et al. [2015b, 2017] 
4 SEM stands for scanning electron microscope 
5 but also used to analyze SEM slices and silhouettes from both photographs and images obtained by optical microscopy. 
See Table 3 for detailed list. 
object parallel to the long side of the minimum rectan-
gle circumscribing it (denoted as “maximum intercept”) 
as numerator, and the mean length of all chords with 1 
pixel spacing perpendicular to the maximum intercept 
as denominator [Dürig et al., 2012]. We note that the 
definition of the maximum intercept is NOT identical 
with the maximum Feret diameter, but, probably be-
cause of an unclear description in the original paper by 
Dellino and La Volpe [1996], it is often misleadingly 
confused with it. 
The four IPA parameters as introduced by the devel-
opers are provided by the commercial software Optilab 
Pro 2.6.1 from Graftek. The complicated definition of 
EloDL makes it, unfortunately, very difficult to adapt the 
IPA scheme for use without that software. We know of 
no available open source software available that com-
putes the maximum and mean intercept according to 
the definition provided above. As a consequence, some 
studies using the IPA scheme without having access to 
Optilab, had to sidestep this problem, and did so by in-
troducing other measures as replacement for EloDL (e.g., 
Schmith et al., 2017). We note that such a deviation 
from the original IPA scheme can still provide useful 
insights on how elongated the analyzed particles are. 
Results based on these “modified” elongation parame-
ters are still comparable to data sets acquired by the 
same method, but they are not quantitatively compara-
ble to those obtained by applying the “original” IPA 
scheme. In the future, by means of PARTISAN, re-
searchers need no longer face this problem. All results 
computed by the open-source program will be compa-
rable to the original IPA parameters provided by Opti-
lab so long as the same protocol is followed for SEM 
image acquisition (see section 5.3), which is necessary 
to avoid introducing resolution-dependent differences 
in the quantitative results.  
 
4.2 SHAPE PARAMETERS BY CIONI ET AL. [2014] 
Cioni et al. [2014] morphometrically analyzed parti-
cles in the 0 φ fraction (1 to 1.4 mm) to characterize 
particles from different phases of the Eyjafjallajökull 
2010 eruption.  
They introduced four shape parameters (see Table 2): 
solidity SolCI, convexity ConvCI, circularity CircCI and el-
lipse aspect ratio ARCI. These parameters were obtained 
using the public domain program ImageJ and binarized 
images from SEM [Schneider et al., 2012] of whole par-
ticles (silhouettes). After SEM analysis, the grains were 
sectioned, from which vesicle population and microlite 
data were acquired. The clasts analyzed had composi-
tions ranging from benmorite to trachyte. The authors 
found that different eruptive styles produced different 
grain shapes, independent of the compositional 
changes. 
 
4.3 SHAPE PARAMETERS BY LEIBRANDT AND LE 
PENNEC [2015] 
This morphometric system was introduced to allow 
rapid automated measurements of 2D shapes projected 
from grains (i.e. silhouettes) by employing diascopic 
light imaging, and using a specialized optical particle 
analyzer "morpho-grainsizer" and associated software 
(Morphologi G3SE™ by Malvern Instruments™). It can be 
used for near real-time characterization of tephra during 
eruptive events. The suggested shape parameters include 
circularity CircLL, aspect ratio ARLL, convexity ConvLL 
and solidity SolLL (see Table 2). The authors demon-
strated their morphometric system on andesitic clasts 
from Tungurahua volcano, Ecuador, in the 250 -300 μm 
grain size range, produced by different eruption styles.  
Of these parameters, the aspect ratio, as defined by 
Leibrandt and Le Pennec [2015], cannot be readily cal-
culated without having a detailed description of the 
method used by the software, or access to the source code. 
 
4.4 SHAPE PARAMETERS BY LIU ET AL. [2015A] 
This scheme was originally developed to examine the 
role of bubbles in producing ash by phreatomagmatic 
(“hydromagmatic” by the authors) fragmentation. Un-
like silhouette-based 2D analysis, this method is applied 
to 2D shapes from polished thin sections or polished 
grain mounts imaged with an SEM. For this purpose, 
four parameters were suggested for optimal particle 
shape description: form factor (which is equal to 
CircCI), axial ratio ARLI (equal to the inverse of ARCI), 
convexity ConvLI and solidity SolLI equivalent to ConvLL 
and solidity SolLL, respectively. These shape parameters 
have been applied, e.g. to study basaltic grains from 
Grímsvötn 2011 in four size fractions ranging from < 
32 μm to 125 μm [Liu et al., 2015b]. 
 
4.5 SHAPE PARAMETERS USED BY SCHMITH ET AL. 
[2017] 
This morphometric system was tailored to the parti-
cle shape analysis of bulk samples using the commer-
cial Particle Insight™ dynamic shape analyzer (PIdsa), 
and associated software. This method works through 
automated optical acquisition of particle silhouettes. 
7
XXXX XXX XXX
The authors applied this system to investigate basaltic 
tephra fall samples from six different eruptions with se-
lected grain sizes between 63 and 125 μm: five from 
Iceland (Fimmvörðuháls 2010, Karl 1210–1240, Katla 
1755, Grímsvötn 2011, Hverfjall 2500 BP) and one from 
Norway (Eggoya 1732), covering different eruptive 
styles (from Hawaiian to subplinian) and fragmentation 
mechanisms. 
In an effort to morphometrically distinguish 
phreatomagmatic from magmatic ash grains, the au-
thors developed two main shape parameters: Feret as-
pect ratio AF and regularity parameter Reg. The latter is 
the product of circularity CircSC multiplied by rectan-
gularity RecSC (equivalent to CompDL) and form factor 
(equivalent to CircCI), where CircSC is depending on the 
bounding circle (see Table 2).  
To obtain results consistent with those presented by 
Schmith et al. [2017], PARTISAN computes the Feret as-
DURIG ET AL.
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FIGURE 2. Silhouettes of Havre particles used for PARTISAN demonstration run. End members of four morphological classes were 
used, labelled with “C” (curvi-planar), “F” (fluidal), “A” (angular) and “T” (elongate tube-vesicle). Scale bar is of 100 μm 
length. 
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Reference
Location of 
eruption / 
source of melt
Composition
fragmentation style 
inferred by cited authors
Grain size Imaging method Remarks
Alvarado et al. 
[2016]
Turrialba vol-
cano (2010-16), 
Costa Rica
andesite to da-
cite
phreatomagmatic 
 / magmatic
88 μm to 
125 μm SEM – silhouette 
Avery et al. 
[2017]
Taupo, NZ (181 
AD Hatepe)
rhyolite phreatoplinian 0.85 mm to 1.18 mm SEM - silhouette
Redoubt (2009), 
Alaska
andesite magmatic 0.6 mm to 1.18 mm SEM - silhouette
Erebus, Antar-
ctica
phonolite
magmatic and 
phreatomagmatic
0.85 mm to 1.18 mm SEM - silhouette
Büttner et al. 
[2002]
La Fossa, Vul-
cano (Italy)
shoshonite phreatomagmatic ≤ 130 μm
La Fossa, Vul-
cano (Italy)
shoshonite
experimental – 
molten-fuel coolant 
interaction (MFCI)
≤ 130 μm SEM - silhouette
Cannata et al. 
[2014]
Stromboli vol-
cano, Italy
basalt Strombolian <1.4 mm SEM – slice
Cioni et al. 
[2008]
Vesuvius, Italy phonolite violent Strombolian Coarse and fine ash SEM - silhouette
Coltelli et al. 
[2008]
Etna, Italy basalt fire fountain 26 μm to 1.122 mm SEM - silhouette
Dellino and La 
Volpe [1996]
Monte Pilato-
Rocche Rosse 
deposits, Lipari
rhyolite
magmatic + 
phreatomagmatic
Lapilli and 
4-5 φ (31 μm to 62.5 
μm)
macrophoto-
graphs (lapilli) 
SEM silhouette 
(fine ash)
Dellino et al. 
[2005]
Vesuvius, Italy
phonolite to te-
phri-phonolite
magmatic and 
phreatomagmatic
200 μm to 
several cm
Photographs - 
silhouette
Campi Flegrei, 
Italy
trachyte phreatomagmatic
200 μm to 
several cm
Photographs - 
silhouette
Dellino et al. 
[2008]
Vesuvius, Italy tephri-phonolite phreatomagmatic
200 μm to 
several mm
Photographs - 
silhouette
Campi Flegrei, 
Italy
trachyte phreatomagmatic 200 μm to several mm Photographs - 
silhouette
Dellino et al. 
[2012]
Eyjafjallajökull 
(2010), Iceland
basalt
phreatomagmatic + mag-
matic
62.5 μm SEM – silhouette
Dürig et al. 
[2012]
Grímsvötn 
(2004), Iceland
basalt phreatomagmatic <125 μm SEM - silhouette
Grímsvötn 
(2004), Iceland
basalt
experimental – thermal 
granulation and MFCI
<125 μm SEM – silhouette
Tepexitl, Mexico rhyolite phreatomagmatic <125 μm SEM – silhouette
Tepexitl, Mexico rhyolite
experimental - thermal 
granulation, MFCI, 
and magmatic
<125 μm SEM – silhouette
industrial glass soda–lime glass
experimental – hammer 
impact
<125 μm SEM – silhouette
Iverson et al. 
[2014]
Erebus volcano, 
Antarctica
phonolite
phreatomagmatic to 
strombolian
10 to 800 μm SEM – silhouette
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Jordan et al. 
[2014]
Purrumbete maar, 
SE Australia
basalt phreatomagmatic <125 μm SEM - silhouette
Purrumbete maar, 
SE Australia
basalt phreatomagmatic <125 μm SEM - silhouette
Lautze et al. 
[2012]
Etna (2006), Italy basalt
magmatic + 
phreatomagmatic
50-220 μm SEM – silhouette
Stromboli (2007), 
Italy
basalt
magmatic + 
phreatomagmatic
50-220 μm SEM – silhouette
Lautze et al. 
[2013]
Stromboli (2009), 
Italy
basalt magmatic 100-200 μm SEM - silhouette
Mele et al. [2011]
Somma-Vesuvius, 
Italy
phonolite to te-
phri-phonolite
magmatic + 
phreatomagmatic
250 μm to 
several mm
optical micro-
scope + photo-
graphs - 
silhouette
Campi Flegrei, 
Italy
trachyte phreatomagmatic 500 μm optical micro-
scope - silhouette
Vulcano, Italy latite phreatomagmatic 500 μm
optical micro-
scope  - silho-
uette
Mele et al. [2015]
Campi Flegrei, 
Italy
Trachyte phreatomagmatic
200 μm to 
several mm
optical micro-
scope +  photo-
graphs - 
silhouette
juveniles and cry-
stals
Murtagh and 
White [2013]
Black Point, Cali-
fornia
basalt
magmatic + 
phreatomagmatic
62.5 μm SEM - silhouette
Németh [2010] Western Hungaria
tephrite to phono 
tephrite
phreatomagmatic 10 to 300 μm optical micro-
scope, SEM
Németh and Cro-
nin [2011]
Ambrym Volcano 
(1913), Vanuatu
trachy-basalt to 
basaltic trachy-
andesite
magmatic to 
phreatomagmatic
30-300 μm
optical micro-
scope, SEM (sil-
houette), SEM 
(slice)
Németh et al. 
[2012]
Orakei, Auckland 
volcanic field, 
New Zealand
basalt phreatomagmatic
62.5 μm 
to 4 mm
SEM - silhouette
Schipper [2009]
Lo’ihi Seamount, 
Hawaii
basalt
phreatomagmatic 
+ magmatic
< 125 μm SEM - silhouette
Schipper et al. 
[2013]
Lo’ihi Seamount, 
Hawaii
basalt phreatomagmatic < 125 μm SEM - silhouette
Lo’ihi Seamount, 
Hawaii
basalt
experimental – 
thermal granula-
tion
< 125 μm SEM - silhouette  
Sulpizio et al. 
[2010]
Somma-Vesuvius, 
Italy
tephri-phonolite phreatomagmatic
200 μm to 
several mm
optical micro-
scope + photo-
graphs - 
silhouette
Taddeucci and Pal-
ladino [2002]
Latera Volcanic 
Complex, Italy
trachytic to pho-
nolitic
magmatic > 0.5 mm SEM - silhouette
TABLE 3. List of published studies using IPA parameters for quantitative morphometric analyses.
pect ratio presented in their Figure 3, here denoted 
ARSC, which is defined as the reciprocal value of AF.  
 
 
5. OPERATION METHODS OF PARTISAN 
 
5.1 REQUIREMENTS  
PARTISAN runs with the standard version of MAT-
LABTM and requires the MATLABTM Image Processing 
toolbox. To install PARTISAN, the file ‘PARTISAN.zip’ 
provided in Supplement S1 has simply to be extracted 
into a folder of the user’s choice. 
As input, PARTISAN requires black and white (i.e., 
binary) images, e.g. of a single clast projected to the 
XY-plane as a silhouette (see Figure 2) or of a particle 
cross-section. Lossless formats such as TIFF, BMP or 
PNG are preferred over lossy formats such as JPEG.  
A limitation is that the program does not allow au-
tomatic segmentation of images with multiple particles. 
Each image should show a single particle, with all im-
ages placed in the same folder. PARTISAN can then 
batch analyze all images as a single image stack.  
Once the working folder has been assigned, the pro-
gram can be executed. A step by step instruction can 
be found in the companion text file ‘ReadMe.txt’, which 
is provided with the ‘PARTISAN.zip’ package (Supple-
ment S1).  
 
5.2 WORKFLOW AND OUTPUT 
After being initiated PARTISAN will proceed to cycle 
through all the matching image files in the assigned di-
rectory, processing each of them in turn and collecting 
the results of the analysis into a common comma-sep-
arated text file, ready for opening as a spreadsheet.  
Either true-binary (0 or 1) or 8-bit (0 or 255) images 
may be used. If an image is inverted, this is automati-
cally handled. If an 8-bit grey-scale image contains val-
ues other than 0 and 255 it will automatically be 
thresholded up or down from the central value of 127. 
Similarly, if a 0 or 1 “binary” image contains floating 
point values these will be thresholded up or down from 
0.5. For details on the algorithms used for measuring 
the basic parameters (such as perimeter), we refer the 
reader to comments in the source code including links 
to further documentation.  
During testing, analysis took approximately 1 sec-
ond per image on a standard desktop PC. If figure gen-
eration is enabled, the program will take approximately 
75% more time to run. Larger images (larger image files) 
will take proportionally longer to process. 
PARTISAN provides the following output: 
- A comma separated .csv ASCII spreadsheet con-
taining all derived parameters, grouped by the 
name of the authors that first introduced them, is 
written to a file named ‘particle_stats_output.csv’ 
in the current directory. Each row contains the 
shape parameters for each image, as described in 
Tables 1 and 2. 
- A summary of the parameters is displayed to the 
MATLAB console as the program runs. 
- A figure window is generated for each image, con-
sisting of four plots (see Figure 1): (a) the raw 
image; (b) the particle rotated to the longer axis of 
the minimum bounding box; (c) the particle rotated 
to the maximum Feret distance; and (d) the parti-
cle rotated to the major axis of the best-fit ellipse. 
These figures are well suited for quality assurance, 
but should be disabled when bulk processing many im-
ages (see ‘ReadMe.txt’ file in Supplement S1 for more 
details). 
 
5.3 STRENGTHS AND CAVEATS 
Based on comparisons of test data comprising 32 dif-
ferent shapes, PARTISAN is verified to give – with neg-
ligible variations in the perimeter – identical output for 
the IPA parameters as when using the software OptiLab 
employed by Dellino and La Volpe [1996]. Moreover, all 
SEM images kept in the archives, named by the authors 
that first introduced the shape parameters group, have 
now been reprocessed with PARTISAN, so users of this 
program can be sure that their results are compatible 
with those by the groups represented by the authors of 
the original paper.  
As a general rule, due to the reasons mentioned in 
Section 2, we strongly encourage to make sure that 
identical imaging and sampling protocols (including 
imaging type, image resolution, sampling methods, 
studied grain size) are used as applied to the data sets 
with which the new datasets will be compared. For ex-
ample, for obtaining IPA parameters comparable to 
those kept in the archives by the authors, the area of 
the cross-section or silhouette (A) should have at least 
5000 pixels [Dellino and La Volpe, 1996; Mele et al., 
2011; Dürig et al., 2012]. Importantly, empirical studies 
by Liu et al. [2015a] indicate that under no circumstance 
should the cross-sectional (or silhouette) area of a par-
ticle be smaller than 750 pixels.  
PARTISAN can be applied to any type of particle im-
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ages so long as minimum pixels-per-particle scaling is 
kept consistent. It is not appropriate, however, for data 
from particle shape silhouettes, whether based on SEM 
images, microtomography, or other light sources, to be 
directly compared to images of physically sectioned 
particles. 
The program was developed to extract information 
needed to calculate IPA parameters in the first place, 
but it also provides a wide range of other data. These 
can be utilized to calculate parameters used by other 
authors, allowing comparison of results across meth-
ods. Because of differences in image acquisition (reso-
lution, sharpness, pixel thresholds, etc.), comparisons of 
data from other studies with PARTISAN-extracted 
equivalents may, however, be imprecise unless original 
particle images are available to be reprocessed. To en-
sure best comparability of data in publications we 
therefore encourage authors to provide not only the val-
ues of the resulting shape parameters but also the bi-
nary images used as input. 
We also want to stress that the measurement even of 
basic metrics such as perimeter (and partly also other 
parameters, such as area) depends on the algorithm im-
plemented in the software, as well as image resolution 
and relative scaling of pixels vs. particle-surface to-
pography. Differences in algorithm may lead to differ-
ences in shape parameters provided by PARTISAN 
versus those provided by commercial software used for 
the automated morphometric analysis systems. The out-
put for these systems can therefore not be expected to 
provide directly comparable shape parameter results. 
We do not have access to these systems, and thus could 
not test comparability.  
To overcome these difficulties we suggest that, 
whenever possible, binary images from automated 
image analyzers be stored. This will allow comparisons 
to be made with results from other image-acquisition 
and measurement systems now and in the future.   
 
 
6. DEMONSTRATION: SHAPE ANALYSIS OF SE-
LECTED ASH GRAINS FROM THE HAVRE 2012 
SUBMARINE RHYOLITE ERUPTION  
 
In order to demonstrate the functionality of PARTI-
SAN we present results for ash grains collected from de-
posits of the 2012 submarine Havre eruption, and 
selected to exemplify the different shapes of clasts in 
the ash.  
6.1 GEOLOGICAL BACKGROUND 
Havre is a seamount volcano located along the Ker-
madec arc with its base at 1500-2000 meters below sea 
level [Wright et al., 2006] and a post-2012 peak along 
the caldera wall at 600 mbsl. The caldera is 3x4 km elon-
gated toward NW-SW, with average caldera-rim depth of 
900 m [Wright et al., 2006] and mostly flat caldera floor 
at 1500 mbsl. 
In 2012 Havre volcano erupted, with a satellite image 
at 10:50 18th July 2012 UTC showing an atmospheric 
plume, a 400 km2 area of pumice raft on the sea and a 
plume of discoloured, ash-stained, water emanating from 
a hot spot point source above Havre. After 21st July 2012 
no further activity at Havre was detected. The eruption 
produced 14 lava flows from 11 vents along the south-
ern caldera rim and the southwest caldera wall [Carey et 
al., 2018] and three seafloor clastic deposits, all of which 
were described, sampled and mapped at high resolution 
during a 2015 cruise using the autonomous underwater 
vehicle (AUV) Sentry and the remotely operated vehicle 
(ROV) Jason. The seafloor clastic deposit of interest here 
includes an ash-dominant unit termed the Ash with 
Lapilli (AL). It extends across the whole of the caldera 
floor and shoulders, showing no clear grainsize or thin-
ning trends to the limits of the 2015 investigation area.   
Ash from the AL was sampled from locations around 
the summit and caldera of Havre volcano using ROV 
Jason [Murch et al., 2018]. Because the Havre ash is very 
fine-grained (many samples have a modal particle size 
of 16-32 µm) it is critical to separate different simple 
shapes. Also, on these very small particles, effects of sur-
face irregularities are subdued compared with such ef-
fects for larger volcanic grains. Havre ash particles were 
thus divided into 4 morphological classes based on their 
key shape characteristics (see Figure 2): curvi-planar (la-
belled “C”), angular (“A”), fluidal (“F”), and elongate tube-
vesicle (“T”) [Murch et al., 2018]. Curvi-planar clasts are 
defined by planar and curvi-planar surfaces that intersect 
to form sharp edges and include both platy and sub-
equant blocky clasts. Vesicles in curvi-planar clasts are 
cross-cut by fracture surfaces, which show no deforma-
tion around the bubble. Angular clasts have prominent 
concavities defined by brittle-fractured vesicle walls. Flu-
idal clasts have exterior features indicating surface-ten-
sion or fluid-dynamic reshaping of the grains while 
molten. Fluidal clasts include both those with a wholly 
fluidal form, and those that preserve a single fluidal sur-
face. Fluidal particles are commonly crosscut by un-de-
formed curvi-planar fracture surfaces. Elongate 
DURIG ET AL.
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tube-vesicle clasts are bounded by either fluidal or brit-
tle fracture surfaces but typically show curvi-planar frac-
tures that run perpendicular to the elongation direction 
at either end of the grain. 
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system 
shape 
parameters
A1 A2 A3 C1 C2 C3 F1 F2 F3 T1 T2 T3
Dellino and 
La Volpe [1996]
CircDL 1.53 2.09 1.95 1.65 1.22 1.43 1.13 1.11 1.20 3.52 1.61 2.34
RecDL 1.10 1.41 1.40 1.15 0.97 1.03 0.88 0.85 0.91 1.07 0.98 1.12
ComDL 0.66 0.64 0.69 0.66 0.80 0.73 0.76 0.77 0.76 0.41 0.61 0.63
EloDL 1.46 2.51 1.89 2.66 1.23 2.37 1.33 1.72 1.76 24.22 4.73 9.89
Cioni et al. 
[2014]
CircCl 0.42 0.23 0.26 0.37 0.67 0.49 0.78 0.82 0.70 0.08 0.38 0.18
ARCl 1.05 1.69 1.45 1.77 1.14 1.94 1.06 1.29 1.40 12.72 3.65 8.21
ConCl 0.82 0.62 0.65 0.74 0.92 0.87 0.99 0.97 0.92 1.11 1.02 0.92
SolCl 0.82 0.84 0.82 0.89 0.95 0.88 0.98 0.97 0.96 0.60 0.81 0.82
Leibrandt and 
Le Pennec [2015]
CircLL 0.65 0.48 0.51 0.60 0.82 0.70 0.88 0.90 0.84 0.28 0.62 0.43
EloLL 0.10 0.44 0.33 0.43 0.08 0.46 0.06 0.23 0.26 0.92 0.66 0.85
ARLL 0.90 0.56 0.67 0.57 0.92 0.54 0.94 0.77 0.74 0.08 0.34 0.15
d_H 121 251 211 286 228 309 198 122 200 207 331 355
ConLL 0.80 0.60 0.63 0.74 0.91 0.87 0.95 0.98 0.93 0.90 0.93 0.86
SolLL 0.82 0.84 0.82 0.89 0.95 0.88 0.98 0.97 0.96 0.60 0.81 0.82
Liu et al. [2015] FF 0.42 0.23 0.26 0.37 0.67 0.49 0.78 0.82 0.70 0.08 0.38 0.18
ARLI 0.96 0.59 0.69 0.56 0.88 0.52 0.94 0.77 0.72 0.08 0.27 0.12
ConLI 0.80 0.60 0.63 0.74 0.91 0.87 0.95 0.98 0.93 0.90 0.93 0.86
SolLI 0.82 0.84 0.82 0.89 0.95 0.88 0.98 0.97 0.96 0.60 0.81 0.82
Schmith et al. 
[2017]
CircSC 0.61 0.43 0.54 0.47 0.74 0.46 0.81 0.74 0.69 0.04 0.26 0.12
RecSC 0.66 0.64 0.69 0.66 0.80 0.73 0.76 0.77 0.76 0.41 0.61 0.63
FF 0.42 0.23 0.26 0.37 0.67 0.49 0.78 0.82 0.70 0.08 0.38 0.18
ARSC 1.12 1.87 1.46 1.79 1.01 1.86 1.03 1.32 1.34 11.84 2.93 6.49
Reg 0.17 0.06 0.10 0.11 0.40 0.16 0.48 0.47 0.37 0.00 0.06 0.01
TABLE 4. Output results by PARTISAN for the particle shapes displayed in Figure 2. The complete output file labelled 
“particle_stats_output.csv” can be found in Supplement S3.
6.2 DEMONSTRATION OF RESULTS GIVEN BY PAR-
TISAN 
In Figure 2, binarized projections of end-member ex-
amples of each morphology class are shown. These images 
are provided in Supplement S2 and can be used by the 
reader to practice applying the script. The relevant output 
results for these particle silhouettes, following the five 
shape parameterization approaches, are shown in Table 4. 
The complete output can be found in Supplement S3.  
For this demonstration, imagine that these test data 
represent a large set of imaged grains, which we want to 
statistically analyze for features indicative of fragmenta-
tion style. Particle-shape analysis and PARTISAN will 
help us to explore and find the best morphometric sys-
tem to discriminate between grains generated by brittle 
versus ductile fragmentation mechanisms. If applied to 
representative sample populations, such a procedure 
could provide a smart way to automate particle classifi-
cation for statistical analysis, which otherwise would take 
tedious hours of manual sorting. 
While curvi-planar and angular particles of the classes 
“A” and “C” can be assigned to brittle generation pro-
cesses, the second group includes, in addition to the – 
descriptively named – fluidal grains (class “F”), also the 
elongate tube-vesicle (class “T”) clasts, which were 
shaped by ductile stretching. 
Our aim in this example is to find shape parameters 
which can be plotted against one another, individually 
or in combination, to provide the best discrimination be-
tween brittle and ductile particles. For this purpose we 
utilize and compare existing diagrams as proposed by 
various studies for each morphometric system imple-
mented in PARTISAN (see Figure 3).  
Figure 3(a) follows the IPA system as defined by 
Dellino and La Volpe [1996] showing the plot of RecDL x 
ComDL vs EloDL x CircDL. This type of diagram has also 
been used for example by Büttner et al. [2002] to define 
a morphometric boundary (green dashed line) to dis-
criminate shoshonite clasts by shape between brittle and 
ductile fragmentation mechanisms. For the rhyolitic 
grains demonstrated here the brittle-ductile (brittle-fluid) 
boundary appears to be lower on the y-axis (blue dashed 
line). The IPA plot has correctly placed the elongate tubu-
lar-vesicle clasts of class “T” in the ductile field, together 
with the fluidal grains of class “F”, despite their very dif-
ferent overall shapes.  
In Figure 3(b) another kind of IPA diagram is dis-
played, after Murtagh and White [2013]. A line separat-
ing “F” and “T” particles from “C” and “A” ones is 
possible (solid line), but the location is slightly different 
from their boundary (dashed line), and the F and T grains 
lie in their 'phreatomagmatic' field (because the other 
field captures vesicular fragments, hence the C and A 
grains). We do not recommend the use of this diagram for 
fine rhyolite ash.  
Figure 3(c) shows the Havre results plotted following 
Cioni et al. [2014], who used their plot to discriminate 
ash from phreatomagmatic versus magmatic phases of 
the Eyjafjallajökull 2010 eruption. In our example, this 
diagram does not discriminate well the two groups of 
fragmentation mechanisms, since “T” and “F” class data 
points plot in significantly different sectors of the plot, 
which makes it difficult to group them together. The “F” 
and “A” class particles plot close together, whereas C class 
particles appear to cover a larger range in the diagram, 
which makes it difficult to achieve the desired discrimi-
nation.  
In Figure 3(d) the Havre data are plotted in a diagram 
proposed by Leibrandt and Le Pennec [2015], using their 
morphometric system to discriminate between eruptive 
styles in ongoing eruptions. While “C” and “A” class data 
intersect, the data points for “T” class grains are plotted 
in a different area. The “F” class data points, however, 
are separated from the T’ class data with “C” class data 
interfering, which inhibits the definition of a simple dis-
crimination criterion that would separate grains formed 
in ‘brittle’ versus ‘ductile’ regimes.  
Figure 3(e) displays the data of the Havre samples in 
a diagram type suggested by Liu et al. [2015a]. Our results 
are, however, based on particle silhouettes, which are not 
expected to match with slices as used by [Liu et al., 
2015a, 2015b, 2017]. The ‘A’ and “C” class data plot with 
broad scatter, making it difficult to discriminate them 
from the “T” and “F” grains. 
Figures 3 (f) plots the test data into a diagram pro-
vided by Schmith et al. [2017], in which the regularity 
parameter Reg is plotted over the Feret aspect ratio ARSC. 
This type of diagram can be used to derive a parameter 
introduced as regularity index (defined as the slope of the 
linear trendline), which was found to be sensitive to frag-
mentation style [Schmith et al., 2017]. We note that in 
contrast to the original diagram by these authors we use 
a larger range for the ARSC -axis, in order to be able to 
display all of our data points. In good agreement to 
Schmith et al. [2017] the “T” class data points all plot to 
the right of the dashed line, which indicates the thresh-
old between elongated and non-elongated particles as 
found in their study. The overlap of “C” and “F” class 
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data, however, do not support use of this system for es-
tablishing a ‘brittle/ductile’ discrimination criterion. 
For each system, the results followed the expected 
trends with fluidal particles appearing more circular, an-
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FIGURE 3. Morphometric diagrams as used in morphometric systems underlying PARTISAN. (a) Image particle shape analysis dia-
gram using the system by Dellino and La Volpe [1996]. Green dashed line indicates boundary between brittle and ductile 
fragmentation regime provided by Büttner et al. [2002] for shoshonite clasts. In contrast, the shape of rhyolitic Havre par-
ticles with brittle angular and curvi-planar features suggest a lowered boundary (blue line). (b) Complementary IPA dia-
gram with axes as used by, e.g., Murtagh and White [2013]. In addition, the resulting diagrams according to the presen-
tation methods by Cioni et al. [2014] (c), Leibrandt and Le Pennec [2015] (d), Liu et al. [2015a] (e) and Schmith et al. [2017] 
(f) are presented. In the latter plot the dashed line indicates the threshold between elongated and non-elongated particles 
as found by Schmith et al. [2017]. For the analyzed Havre ash particles, the best choice for an automated discrimination 
between brittle and ductile particle classes would be the morphometric system and diagram type presented in (a). 
gular particles plotting as more irregular, and curvi-pla-
nar particles generally falling between these two clusters. 
The elongate tube-vesicle clasts are characterized by ex-
treme elongation parameters, such as the aspect ratio.  
For our objective in this demonstration, the discrimi-
nation of brittle-fragmented from ductile-fragmented 
clasts, the IPA system shown in Figure 3(a) is the best of 
the six compared. 
The small number of selected particles with 'extreme' 
shapes used in this demonstration are not considered to 
be representative of the overall Havre eruption. The find-
ings also are insufficient to support general advice on 
which morphometric system is best to use for achieving 
various volcanological goals. This choice must be made 
by the users, based on the aims of shape analysis in dif-
ferent projects. Existing data sets and their comparabil-
ity in terms of sample type, grain size, and particle 
imaging method should be considered. What PARTISAN 
provides is a holistic tool for selecting and using the best 
fitting morphometric systems and diagrams. 
 
 
7. CONCLUSIONS  
 
PARTISAN is a Free and Open Source software 
(FOSS) routine that runs in MATLAB to parameterize 
2D shapes of particle silhouettes and provide IPA statis-
tics [Dellino and La Volpe, 1996]. It also extracts other 
parameters that can, with some unavoidable caveats, 
allow cross-comparisons among other 2D morphologi-
cal routines. The same parameters for external 2D shape 
can be measured for both silhouettes and sectioned par-
ticles, but shapes of particles prepared in these different 
ways cannot be compared directly. With a test case 
using ash grains from a submarine rhyolite eruption we 
demonstrated how PARTISAN can be used to find the 
most suitable shape analysis method for a specific task.  
 
 
Data and sharing resources  
- Supplement S1: PARTISAN.zip, containing the files 
Partisan.m, minBoundCircle.m, minBoundEllipse.m, 
minBoundingBox.m and cog_coord.m 
- Supplement S2: clasts.zip, containing 12 .tif images 
of particle silhouettes 
- Supplement S3: particle_stats_output.csv, demon-
stration output file provided by PARTISAN 
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